A m ethod that uses the intensity of the absorption of the oxidized cell uloses at 5.S microns as a measure of their carboxyl content is d escribed. The analyses are canied out on mineral oil slurries of 1:1 mixtures of fine ly divided polystyrene and cellulose. The absorption of the polystyrene at 6.2 microns is used as a reference band, t hus obviating the necessity of accurately controlling the thickness of the absorption cell. The method gives results that agree fairly well with those obtained by the calcium acetate method and can be used to detect a s little as 0.1 millimole of carboxyl per gram of cellulose.
I. Introduction
Cellulose products are frequently exposed to oxidative environments during manufacture and use. The oxidation of cellulose, commonly represented by the formula below is, therefore, of great technical importance. The types of oxidation theoretically possible for cell ulose are:
Oxidation of primary alcohol groups (carbon 6 of the anhydroglucose uni ts) to aldehyde or carboxyl groups.
Oxidation of secondary alcohol groups (carbon 2 or 3) to ketone groups.
Oxidation of glycol groups (carbons 2 and 3) to aldehyde or carboxyl groups with attendant cleavage of the carbon-to-carbon bond.
Oxidation of hemiacetal groups (carbon 1) to carboxyl groups. Although this type of oxidation is unimportant in undegraded celluloses where the number of terminal groups is extremely small, it may be of importance in certain degraded celluloses.
With few exceptions [1 to 5],2 oxidants appear to be nonselective in their action on cellulose, giving rise to two or more of the above types of oxidation simultaneously. Accordingly, for the characterization of oxidized celluloses, methods capable of detecting, estimating/and allocating ketone, aldehyde, and carboxyl groups in the presence of each other are needed. Available chemical methods are not entirely satisfactory for this purpose.
The presence of carbon attached to oxygen by means of a double bond in the aforementioned groups suggests that oxidized cell uloses will show the char- 1 A reporc of work done nnd er cooperative agreement with the United States D epartment of Agriculture and authorized by the Research and Marketing Act. The work is being supervised by the Southern R egional Research Laboratory of the Bureau of Agricu ltu ral and Industrial Chemistry. 2 Figures in brackets indicate the li terature references at the end of this paper.
acteristic absorption of the C = O stretching vibrations in th e 5.5-to 6.5-"" region of the spectrum. As the frequ ency and . intensity of this absorption are normally influenced by the adjacent molecular structure [6, 7] , ketonic, aldehydic, and carbox-ylic carbonyl groups of oxidized celluloses might reasonably be expected to absorb at different wavelengths.
If such is the case, infrared spectrophotometry should b e useful in the analysis and characterization of oxidized cell uloses. During earlier work in this laboratory, an absorption band at 5.8 "" was observed in the spectra of films of regenerated cellulose that had been subjected to moderate oxidation with nitrogen dioxide [8, 9] . Under the conditions used , this reagent is selective in its action on cellulose, resulting only in the conversion of primary alcohol groups to carboxyl groups [1, 2] . T he absorption of these films at 5.8 "" was, consequently, attributed to carboxylic carbonyl. Subsequent examination of spectra of mineral oil slurries of cottons that had been treated with a variety of oxidants showed absorption at 5.8 "" to be of frequent occurrence. Although it was recognized that noncarboxylic carbonyl might be responsible for this absorption in some cases, the possibility of using the intensity of the absorption of the oxidized celluloses at 5.8 JL as a measure of their carboxyl content was investigated. The results of this investigation are presented in this report.
The use of the intensity of an absorption band as a measure of the concentration of the group or compound responsible for the band is based on Beer's law. This law states that log 10/1= ked, where 10 and I are the intensities, respectively, of the radiant energy of a given wavelength falling upon and passing through the sample, k is an absorption coefficient characteristic of the sample, c is a concentration, and d is the cell thickness. In the analysis of discontinuous solids, such as the oxidized celluloses, the necessity for measuring cell thickness is usually avoided by the addition of a properly chosen solid reference material in a fixed ratio to the total sample [7, 10] . Spectrophotometric measurements on mixtures of the reference material with samples containing varying and known amounts of the component of interest supply the data required for the construction of a working curve to be used in the analysis of unlmowns. The curve is obtained by plotting the concentration of the componen t of interest against the ratio of log 10/1 for the wavelength of interest in the sample to log 10/1 for a wavelength at which the reference material absorbs.
II. Construction of an Analytical Working Curve
In the present work, data for the construction of an analytical working curve were obtained from spectra of mineral oil slurries of 1: 1 mixtures of cellulose samples of known carboxyl content with finely divided polystyrene, which provided a reference absorption band at 5.2,u. The polystyrene was obtained from th e manufacturer, the Dow Chemical Co ., in granular form. Prior to use, it was ground to a fine powder in a vibratory ball mill [11] , washed with 95 percent ethfl.nol and dried in air.
Empire cotton purifi ed by a modification of the procedure described by Worner and M ease [12J and milled for 30 min in the vibratory ball mill, was used as a diluent in tbe preparation of cellulose samples of known carboxyl content. A nitrogml-dioxideoxidized cotton prepared by the Tennes ee Eastman Corp. was used as th e source of carboxyl. This oxidized cellulose had been ground in a Wiley mill to pass a 100-mesh screen, freed of water-soluble material by repeated extraction with water, and dehydrated by successive treatments wi th absolu te methanol and benzene. The benzene was removed by prolonged storage over paraffin in vacuum.
Before use, the cotton, oxidized cotton, and polystyrene were conditioned at 55-pm·cent relative humidity at 21 DC. The carboxyl contents of the conditioned cotton and nitrogen-dioxide-oxidized cotton as determined by the calcium acetate method [1] were 0.01 and 1.78 millimoles per gram. This sample of nitrogen-dioxid e-oxid ized cotton was used in preference to a more highly oxidized sample in order to I,eep the concentration of noncarboxylic carbonyl to a minimum [1 ,13J . The quantities of cotton and oxidized cotton used were such that the total weight of each cellulose sample was 100 mg.
The cellulose samples were dry-mixed with an eq ual weight of polystyrene and were then mulled with 0.5 ml of mineral oil between weighted ground glass plates. For the absorption measurements, the resulting slurries were injected into demountable rock-salt absorption cells equipped with silver or cellulose acetate spacers of approximately 25, 50, or 100 /1 in thickness. The spacers were ehosen in such a way that the values for the transmission at 5.8 /1 ranged from 30 to 50 percent.
Spectra were obtained with a double-beam automatic recording Baird spectrophotometer [14] equipped with a sodium chloride prism. The performance of the instrument was checked frequently against a polystyrene film of known spectral characteristics. The sin gle-cell rather than the doublecell method was used in securing spectra. In order to compensate for variations in the behavior of the pectrophotometer, four to SLX 
grams. They were, therefore, as umed to be equal to the percentage transmission at nearby wavelengths at which neither oxidized cellulose nor polystyrene has absorption bands-namely, 5.5 and 5.4 J.L. Average values for the ratio, log (10 /1)5 .8)1 log (10/1)6.2/ were used in the construction of the working curve and in spectrophotometric analyses.
In figure 1 are shown t h e 5.2-to 5.5-/1 region of the spectra of mineral oil slurries of three of t he pol ystyrene-cellulose mixtures. For comparison, spectra of mineral oil slurries of the polystyrene, cotton, and nitrogen-dioxide-oxidized cotton I are given in figure 2 . In table 1, the values of the ratio , 
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III. Analysis of Oxidized Celluloses
As a check on the general utility of the analytical working curve, it was ,used in the analysis o~ 11 oxidized celluloses. USIllg the procedure outlmed above, values for the ratio, were obtained for 1: 1 mixtures of polystyrene with the oxidized celluloses.
The concentrations of carboxyl in the oxidized celluloses were then r ead directly from the worl~ing curve.. . The oxidants used III the preparatIOn of the OXldized celluloses were air at 145 0 C, chromic oxide in a mixture of glacial a cetic acid and acetic anhydride [15] [16, p. 112] , bromine in the presence of excess bal'lum carbonate [17] , buffered periodic acid [18, 19] , and nitrogen dioxide [1] . With the exception of the two nitrogen-dioxide-oxidized cottons and one of the periodate-oxidized cottons that were prepared, respectively. by the Tennessee Eastman Corp. and R. E. R eeves of the Southern R egional R esearch Laboratory, all of the oxidized cottons were prepar~d from purified Empire cotton that had been ground III a Wiley mill to pass a 20-mesh screen. The fact that the cotton was added to the oxidant without previous swelling probably accounts for the low degree of oxidation observed in most samples.
The result.s of the spectrophotometric analyses are given in table 2. Also given an~ the values obtained for carboxyl and noncarboxyhc carbonyl by the calcium acetate [1] and h ydroxylamine hydrochloride [15] methods. In table 3 are given the results of 13 analyses for carboxyl carried out on a single oxidized cotton over a 3-month period by 2 different analysts as a check on the precision of the spectrophotometric method. The values obtained for carboxyl by the spectrophotometric and calcium acetate m ethods agree fairly well. The greatest difference observed, 0.34 millimoles pel' gram for a ni trogen-dioxide-oxidized cotton, is o~ d0l!b.tful siO'nificance, as the yellow color of thls oXIdlzed c~tton introduced considerable uncertainty in the determination of carboxyl by the calcium acet~te method. Difficulty was also encountered in applymg the calcium acetate method to the periodateoxidized cottons. Thus, here also the value obtained by the spectropho tometric method may be t~e -,?ore reliable of the two. In general, the results mdlCate that the intensity of the absorption of the oxidized celluloses at 5.8p . constitutes a fairly satisfactory measure of their carboxyl content even in tl~e presence of appreciable amounts of non-carboxylIc carbonyl. ' When measured according to the procedure described in this report, as little as 0.1 mi.lli.mole of carboxyl per gram of cellulose can be detected. 
IV: Summary
Details of a spectrophotometric method for the quantitative estimation of carboxyl in cellulose are
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given. The method gives results that are in fair agreement with those obtained by the calcium acetate method and can be used to detect as li ttle a 0.1 millimole of carboxyl per gram.
